Puerto Rico suffered severe damage from the category 5 hurricane (Maria) in September 2017. Total monetary damages are estimated to be ~92 billion USD, the third most costly tropical cyclone in US history. The response to this damage has been tempered and slow moving, with recent estimates placing 45% of the population without power three months after the storm. Consequently, we developed a unique data-fusion mapping approach called the Urban Development Index (UDI) and new open source tool, Comet Time Series (CometTS), to analyze the recovery of electricity and infrastructure in Puerto Rico. Our approach incorporates a combination of time series visualizations and change detection mapping to create depictions of power or infrastructure loss. It also provides a unique independent assessment of areas that are still struggling to recover. For this workflow, our time series approach combines nighttime imagery from the Suomi National Polar-orbiting Partnership Visible Infrared Imaging Radiometer Suite (NPP VIIRS), multispectral imagery from two Landsat satellites, US Census data, and crowd-sourced building footprint labels. Based upon our approach we can identify and evaluate: 1) the recovery of electrical power compared to pre-storm levels, 2) the location of potentially damaged infrastructure that has yet to recover from the storm, and 3) the number of persons without power over time. As of May 31, 2018, declined levels of observed brightness across the island indicate that 13.9% +/-~5.6% of persons still lack power and/or that 13.2% +/-~5.3% of infrastructure has been lost. In comparison, the Puerto Rico Electric Power Authority states that less than 1% of their customers still are without power.
INTRODUCTION
The tropical cyclone Hurricane Maria developed on September 16, 2017 in the Atlantic Ocean to the northeast of South America. The storm hit warm coastal waters and intensified rapidly, moving from a category 1 to a category 5 Hurricane according to the Saffir-Simpson hurricane wind scale (SSHWS) in less than 24 hours 1 . Maria subsequently moved in a northwesterly direction, making landfall in Dominica on September 19, and then eventually southeastern Puerto Rico, a territory of the United States, on September 20, 2017 with wind speeds of 155 miles per hour ( Figure 1 ). After passing Puerto Rico, the storm moved north of Hispaniola, up the eastern coast of the mainland United States and then out to sea.
Damage to Puerto Rico was severe and widespread following the Hurricane, with heavy rainfall, flooding, storm surge, and high winds causing considerable damage. The power grid was mostly destroyed, causing a power outage for the entire population 2 . Electrical recovery for many locations has taken months, with estimates placing 45% of the population without power three full months after the storm 2 . Additionally, 95% of the cellular network, 85% of phone and Internet service was knocked offline 2 . Up to 50% of the population had no access to clean drinking water 2 . Total monetary damages are estimated to be ~92 billion USD, the third most costly tropical cyclone in US history since 1900 3 . Fatalities as a consequence of Maria are still under investigation, however the most recent estimates suggest between 793 to 8,498 excess deaths occurred following the storm 4 .
Estimating the amount of damage through remote sensing techniques is cost effective and enables an alternative and independent assessment of the effects of the hurricane. Our method incorporates two kinds of remote sensing data: Suomi National Polar-orbiting Partnership Visible Infrared Imaging Radiometer Suite (NPP VIIRS) nighttime lights imagery as well as multispectral Landsat imagery. Several previous methods have used nighttime lights imagery to extract built up areas, assess power outages after storms, monitor economic output, and track population migrations. For example, Shi et al. (2014) 5 
METHODS AND DATA
The methods and data are described throughout the following section. Generally, the methods fall under two categories: 1) We define a new quantity to measure impervious surface coverage, the Urban Development Index (UDI) and change map products ( Figure 2 ), and 2) the evaluation of VIIRS nighttime brightness trends over time, and a comparison to US census tract population data 24 and Humanitarian OpenStreetMap (HOTOSM) building footprint labels 25 to estimate the number of persons without power or infrastructure loss.
Creation of the Urban Development Index
We created the Urban Development Index to evaluate and improve the quality of the maps that depict urban and suburban areas in Puerto Rico. The idea of the index is to combine an impervious surface map derived from Landsat imagery and monthly cloud free composites that depict nighttime brightness derived from NPP VIIRS data to validate one another and create a robust urban index. For example, the impervious surface maps that were created have false positives for impervious areas over highly reflective farmland. Conversely, VIIRS nighttime brightness mosaics suffer from light pollution in non-developed areas such as coastal waters and grassy areas. By multiplying these two images together, we can remove the false positives while quantifying the degree of development from densely urban to rural. Additionally, the finer spatial resolution of the impervious surface map helps to sharpen the VIIRS imagery to a 30m shared spatial resolution.
The impervious surface maps generated from the process described in section 2.2 depict impervious surface on a 1-10 scale with one being the least impervious (0-10%) and 10 being the greatest (90-100%) ( i). VIIRS monthly cloud free composite data are described in section 2.3 and depict nighttime brightness radiance in Watts/cm 2 . The units on these data range from no brightness (0) to very bright (>100) ( B ). Each VIIRS monthly cloud free composite image and the impervious surface map are multiplied together to produce the Urban Development Index that depicts urban development on a scale that roughly spans from 0-1000 (Equation 1). The UDI is calculated for each month from April 2017 to May 2018 to track changes over time and estimate true and percentage changes to the UDI.
Landsat Data Description and Creation of Impervious Surface Maps
Two Worldwide Reference System 2 (WRS-2) path/rows (5/47 and 4/47) of Landsat imagery were identified to cover the majority (98.9%) of Puerto Rico and its' major metropolitan areas. All scenes were atmospherically corrected to surface reflectance using the Landsat Ecosystem Disturbance Adaptive Processing System (LEDAPS) or Landsat 8 Surface Reflectance (L8SR) system 26, 27 . Atmospheric correction is required to standardize the images for the full time series and to ensure that using imagery from two different Landsat satellites does not compromise our results. All images were referenced in UTM coordinates and areas identified as medium to high confidence cloud or cloud shadow were masked out using the pixel QA layer. Each Landsat image in the time series includes only the Blue, Green, Red, Near Infrared (NIR), and both Shortwave Infrared (SWIR) bands. The percentage of impervious surface is correlated to the amount of urban development and total population 10, 16 . A transfer learning approach similar to the one described in Shermeyer and Haack (2015) 28 was devised to leverage the existing impervious surface map, and to create two updated impervious surface maps: pre-storm (January 2016 -August 2017), and post-storm from (September 2017 -May 2018).
First, the existing 0-100 percent impervious surface map from 2001 is segmented by increments of ten to generate ten distinct impervious surface classes. This simplifies the map and enables our classifier to more easily classify areas from little to highly impervious. This reclassified map is then used to extract spectral signatures from each of the cloudmasked Landsat images in the 2000-2002 time series. The average spectral response for every Landsat pixel that intersected with each of the ten impervious percentage classes is extracted and stored for each image. For each path/row an average spectral signature for each band is calculated as an aggregate of each image in the time series.
A k-nn classifier was then trained on these signatures and applied to each image in the pre-storm time series and the post-storm time series. The k-nn classifier was chosen primarily for its ease of implementation, for its exhibition of high accuracies in previous land cover mapping studies [28] [29] [30] , and for its fast training and inference time (under one minute for each (64GB RAM CPU)). The value of k was set equal to one and the Euclidian distance metric with an equal neighborweighting scheme was chosen for this study. No fine-tuning of hyper-parameters was performed; instead relying on the strength of previous research that showed these parameters produced high accuracies for land-cover mapping [28] [29] [30] . It should be noted that tuning these parameters might have slightly increased the accuracy, precision, and recall of the final output maps. After each image in the pre and post-storm time series was classified into an impervious surface map, these maps were then aggregated together via averaging to create two cloud-free composite pre and post-storm impervious maps. Each map serves as an input into the pre and post storm urban development index change product.
NPP VIIRS Data Description
Monthly composites of NPP VIIRS day/night band (DNB) imagery were chosen as the primary nighttime imagery input for this workflow. VIIRS monthly composites are cloud masked and filtered to exclude areas that are affected by stray light, lightning, and lunar illumination 31, 32 . The masked daily images are then averaged together for each month to create these composite products and have a nominal spatial resolution of ~450 m over Puerto Rico when using the UTM Zone 20N projection. These data presently span from April 2012 -May 2018, and any analysis was conducted over this period or portions of it. The data are distributed with two images, the first depicts nighttime brightness in floating point radiance values with units in Watts/cm 2 , and the second depicts the number of observations acquired for this month. Areas with zero observations for a month due to cloud cover or other anomalies are masked out. The full 2012 -2018 time series of imagery was used for evaluations in change of brightness over time and to evaluate changes to brightness following hurricane Maria. Individual monthly images for the months following Maria (September 2017 -April 2018) were used to create new UDI maps for each month to evaluate the location and speed of recovery. An autoregressive integrated moving average (ARIMA) 35 time series trend analysis was then conducted on the output of the tool for each census tract. A 5-month centered moving average (CMA) is calculated for each month in the time series from April 2012-August 2017. Irregularities from the smoothed CMA and the average monthly trends are calculated. These components are combined with the smooth CMA and a linear regression to create a seasonal forecast trend line for September 2017-May 2018. This trend line is used to determine where brightness is expected to be if the hurricane had not hit. The difference between the actual observed brightness and the forecast brightness are used to quantify electrical and infrastructure deficiencies and recovery. The mean absolute deviation or error from the seasonal trend line is also calculated to quantify what the expected range in error should be and to determine if the difference between the actual brightness and the projected brightness is significant. Finally this trend analysis is compared against 2016 census population estimates 24 to approximate the number of persons without power and against the HOTOSM building footprint 25 counts by census tract to approximate the percentage of buildings lost.
Electric

Comet
RESULTS AND DISCUSSION
Urban Development Index Visualizations
An analysis of the urban development index depicts a precipitous drop off in UDI following Hurricane Maria, which made landfall in Puerto Rico on September 20 2017. A 264 point stratified random sample was created and visually interpreted with high-resolution imagery to test the accuracy of the UDI. Results indicate the index can effectively identify urban development with an accuracy of 90.9%. Unsurprisingly, smaller rural buildings and less densely developed areas are harder to map than highly developed areas. The San Juan metropolitan area and Caguas were chosen for this visualization as they represent the highest density urban development, with ~46% of the population living in these areas 24 ;'. , t . .
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Estimat
An 38 estimate that up to 14% of the population will leave by December 2019, primarily as a result of Maria. The government of Puerto Rico estimates that 200,000 will have left by the end of 2018, approximately 6% of the population. As of May 2018, this likely means a loss of 2-5% of the population. This mass emigration certainly will cause some level of decline in power consumption, and brightness as a corollary. Overall, the most likely outcome is a combination of these conclusions; however, we can safely state that the observed decline in brightness does not agree with PREPA estimates of the amount of persons or buildings receiving and/or using power.
CONCLUSION
The aftermath of Hurricane Maria is still being felt across Puerto Rico at large. Our independent assessment relied on a fusion of remote sensing data, population estimates, and building footprint labels to quantify the number of persons without electricity and the amount of infrastructure lost. This research leveraged a new tool called CometTS to facilitate analysis, extract relevant statistics in census tracts, and enable visualization of a time series of NPP VIIRS nighttime lights imagery. Our findings showed that as of May 31, 2018, declines in brightness levels across the island indicate that 13.9% +/-~5.6% of persons still lack power and/or that 13.2% +/-~5.3% of infrastructure has been lost. The PREPA states that less than 1% of their customers still are without power, which appears to be a substantial underestimation based upon our findings. It should be noted that PREPA estimates lack error bars, and consequently the precision of their estimates is uncertain and ambiguous. Other factors such as a mass emigration of persons out of Puerto Rico and an ongoing economic downturn are also contributing to the decline in brightness across the island. Comprehensively, time series visualizations and maps show several areas that are not receiving electricity and a large amount of unrepaired infrastructure damage in both urban and rural communities.
